By analyzing the relationship between the electromagnetic parameters and the secondary position during the primary and secondary coupling transition of the segment winding permanent magnet linear synchronous motor (SW-PMLSM), the variable parameter mathematical model of the rotor side of the SW-PMLSM is established. Taking the three-stage primary lifting system as an example, the dynamic process of the whole system is simulated and analyzed. According to the characteristics of its parameters, the segmentation vector control is obtained as the best stability control method. However, in practical applications, in order to save costs, the segmented linear motor often adopts the effective section parallel power supply mode, and the SW-PMLSM parallel power supply model is obtained by approximate simplification. This paper proposes a SW-PMLSM high-efficiency V/f control method, which combines the advantages of traditional V/f control and field-oriented control. It does not need to install position sensor, and can realize simple and high-performance motor drive. Finally, simulation and experimental results are provided to validate the effectiveness of the fidelity of the proposed strategy.
I. INTRODUCTION
As a new type of linear motor, the primary segment winding permanent magnet linear synchronous motor has the advantages of high thrust density, low power loss and fast dynamic response [1] - [4] . It is an ideal driving source for cordless lifting systems and has outstanding advantages in ultra-deep mine upgrading, super high-rise buildings and shipboard lifts. And the moving secondary structure does not require the drive cable to move with the secondary, and the permanent magnet can also be effectively protected, at the same time, it solves the problems of the stator magnetic resistance, the excessive inductance, the high driving voltage, the large electromagnetic loss and the low overall efficiency caused by the excessively long primary magnetic steel linear motor. The modular primary segmentation structure also has the advantages of flexible topology, easy manufacturing, easy maintenance and many other advantages. The primary length
The associate editor coordinating the review of this manuscript and approving it for publication was Engang Tian . and secondary length of the primary segmented motor and the gap between the primary segments can be determined according to the actual application, control accuracy requirements, cost and reliability. In order to ensure that the electromagnetic thrust of the motor output during the dynamic movement of the stator between the stators is stable and has a smaller end effect, the segmented motor is usually designed as a segment between the primary windings and the primary core is not segmented. Segment winding permanent magnet linear synchronous motor (SW-PMLSM) with no gap structure between segments. Research has shown that [5] - [9] , this structure can effectively reduce the thrust fluctuation during the operation between the primary sections, and is suitable for places where the thrust stability is required.
Accurate mathematical model is the basis for drive controller design and system performance analysis. In the primary segmented permanent magnet linear motor, in addition to the end effect problem, there is a special magnetic field phenomenon such as a half-opening threshold uncoupled magnetic field between the primary and secondary, and an excessive dynamic magnetic field between the secondary segments. Therefore, the parameter characteristics in its mathematical model are different from ordinary synchronous motors. It is necessary to study the key electromagnetic parameters in the mathematical model of the motor in combination with specific topological structures and inter-segment transitions. Establishing an accurate simulation model that is closer to the actual physical state and has realistic engineering achievability is of great significance for motor performance optimization and control research, and facilitates united simulation of motor and system [10] - [12] .
Since the research on ''SW-PMLSM vertical lifting system'', the Institute of Electrical Application of Henan Polytechnic University has made great progress in solving magnetic field, analyzing and calculating magnetic field characteristics [13] - [18] , At present, the laboratory has built the most advanced ''SW-PMLSM industrial testing machine model '' in China.
Since the SW-PMLSM is a long-stroke laying installation, position data acquisition on the motor mover side becomes quite difficult. The traditional V/f control does not need to add a position sensor to detect the position of the mover, and its control mode is relatively simple. It is a low-cost implementation method in the sensorless control method, and is often applied to a permanent magnet synchronous motor with a damper winding. However, for ordinary permanent magnet synchronous motors, the damping effect of asynchronous torque on torque ripple is lacking, which makes the adaptability of the motor to the load during operation worse, and it is easy to lose the step under the system disturbance. In addition, the conventional V/f control is different from the current vector control in that it cannot achieve an efficient and stable control effect like current vector control [19] - [24] .
The active reactive power of the motor is calculated by the current detected on the stator side, and the proportional gain is introduced into the closed loop to compensate the input voltage amplitude and phase angle (electromagnetic field rotational speed) of the stator in the V/f control. This closed-loop V/f control avoids the introduction of complex operations brought by vector control and achieves efficiency control.
II. MODEL OF SW-PMLSM
Different from the traditional PMLSM, the magnetic circuit structure between the primary and secondary of the SW-PMLSM changes with the relative position, so the electromagnetic parameters of the motor are a function of the secondary position. When considering the influence of magnetic saturation, some electromagnetic parameters are also a function of armature current, which has strong nonlinear characteristics. Numerical analysis is usually used to solve the relationship between these parameters and secondary position and current (for simplicity, this article ignores the influence of magnetic circuit saturation). It can be seen that finding the nonlinear and variable parametric magnetic circuit relationship of SW-PMLSM is a key issue in overall modeling.
A. THE VARIATION LAW AND ANALYSIS OF ELECTROMAGNETIC PARAMETERS OF SW-PMLSM
The research object of this paper is SW-PMLSM with winding segmentation, no gap structure between segments, and the length of the mover is a multiple of the single-segment stator (The thrust of each section of the SW-PMLSM with this structure is uniformly changed during the winding switching process). The SW-PMLSM structure is shown in Figure 1 . The primary winding is a closely spaced topology with a secondary length that is twice the length of a single-stage primary winding. During the operation of the motor, the magnetic field coupling relationship between the primary and secondary has the following four conditions:
(1) The mover permanent magnet is not within the excitation magnetic field of the unit stator winding (inactive segment).
(2) The mover permanent magnet gradually enters the excitation field of the unit stator winding (effective segment N ).
(3) The permanent magnet of the mover is fully coupled to the excitation field of the stator winding of the unit (effective segment N − 1).
(4) The mover permanent magnet gradually exits the excitation magnetic field range of the unit stator winding (effective segment N − 2).
In the SW-PMLSM operation, the switching of the effective segment is a process of connecting, and the SW-PMLSM can be equivalent to the effective operation of three linear motors placed together.
B. VARIATION RULE OF SYNCHRONOUS INDUCTANCE PARAMETERS
During the actual operation of SW-PMLSM, the actual coupling degree of the three-phase winding and the mover is related to the position of the mover, and there is a semi-filled groove at the end of each section of the primary winding, so the three-phase inductance of the three-phase winding is asymmetrical and is a function of the secondary position.
The calculation formula of the permanent magnet linear synchronous motor cross-axis inductance is:
In the formula: L s0 , L s2 , M s0 are the average of the selfinductance, the secondary component of the self-inductance, and the average of the mutual inductance.
Taking the A-phase winding as an example, the selfinductance of the A-phase winding of a conventional permanent magnet linear motor can be obtained according to the definition of inductance and the double-reaction theory.
L Aσ and L m1 are the leakage magnetic self-inductance and excitation self-inductance of the phase winding.
Considering that the SW-PMLSM prototype is surfacemount, the self-inductance secondary component is very small, so only the variation law of the average value of the phase self-inductance is considered. When the mover exits a certain stator, the air gap between the primary and secondary is gradually Increase, the proportion of leakage inductance increases, when the mover completely withdraws, the selfinductance is completely composed of leakage inductance. Similarly, the mutual component secondary component is not considered. When the mover exits a certain stator, the air gap permeability decreases gradually, and the mutual inductance average decreases with the mover position. Therefore, the expression of the cross-axis inductance between the motor segments can be simplified as:
The synchronous linear inductance of the motor's crossaxis is approximately linear with the position of the mover. The law can be expressed as:
Among them: L sσ is the leakage inductance, L m (x) is the equivalent excitation inductance, x n is the segment coupling length, x s is the effective coupling length.
C. VARIATION LAW AND MODELING OF PERMANENT MAGNET COUPLED FLUX OF SW-PMLSM
The permanent magnet coupled flux linkage is the function of the permanent magnet to the stator winding of each phase, and is also the key parameter for establishing the mathematical model of the permanent magnet linear synchronous motor rotating coordinate system. The permanent magnet coupled flux linkage of each phase winding of PMLSM is
For SW-PMLSM, when the coupling area between the primary and secondary remains unchanged, the amplitude of the coupled magnetic flux of the permanent magnet is constant, and the size of the permanent magnet coupled flux changes with the coupling area between the primary and secondary When the mover gradually withdraws from a certain stator section, the permanent magnet coupled flux linkage is gradually reduced to zero, and its variation can be regarded as a linear change in the approximate analysis. The vector form can be expressed as:
Among them: ψ f max is the permanent magnet flux linkage change amplitude, x n is the segment length, x s is the effective coupling length.
D. VARIABL PARAMETER MATHEMATICAL MODEL OF SW-PMLSM
The mathematical model of SW-PMLSM is similar to the mathematical model of traditional PMLSM, but the influence of the change of the position of the mover on the electromagnetic parameters of the motor needs to be considered. The specific performance is that the model of SW-PMLSM is a mathematical model of variable parameters related to the position of the mover. The mathematical model of SW-PMLSM in the stator ABC phase coordinate system can be expressed as Voltage equation :
Magnetic chain equation:
It can be obtained by the combination of (8) and (9): (x) represent the position of the secondary and p represents the differential operator for time t. The inductance matrix and the permanent magnet interaction flux are functions of the position of the mover x, so
L(x) and ψ(x) are the inductance and flux chain matrix respectively, p x is the differential operator for the position of the mover x.
The mathematical model of SW-PMLSM in the rotating coordinate system obtained by coordinate transformation is:
is a straight-axis synchronous inductor, ψ f (x) is a permanent magnet coupled flux linkage.
E. THE OVERALL MODEL OF SW-PMLSM
Electromagnetic thrust equation in d-q synchronous coordinate system:
The overall block diagram of the winding segmented permanent magnet linear synchronous motor is shown in Figure 2 . For SW-PMLSM with n segments in power supply, the magnetic resistance is ignored and the total mechanical motion equation can be expressed as: m is the weight of the mover, B m is friction damping coefficient and F e (x) is the sum of electromagnetic thrust.
III. ESTABLISHMENT AND ANALYSIS OF SIMULATION MODELS
Simulation model analysis: The SW-PMLSM mover length studied in this paper is twice the length of a single-segment stator. At any time, it is necessary to meet the three-stage stator armature in the power supply state. One of the stator windings of the motor is fully coupled with the mover, one segment of the stator winding is in the state of the mover gradually entering, and the other is in the state of the mover gradually exiting the stator segment (the stator segment that is not coupled with the electric field of the mover is ignored).These three states are always present during the actual linear operation of the segmented motor. The n segment is always defined as the front segment where the initial and secondary coupling motions occur, and the n segment is always in the state where the mover gradually enters, and the initial and secondary inductance parameters and the permanent magnet flux linkage parameters increase with the coupling area. Increase, when the maximum value is reached, it is adjusted to re-enter with the definition of the front end. With the change of the displacement x, the parameters of the n-segment stator periodically change, and the n-1 segment and the n-2 segment are defined as the first and second segments. The middle and the end of the stator where the stage coupling occurs. The inductance parameters of the three-stage stator and the magnetic flux linkage parameters of the permanent magnets appear as shown in Fig.3 .
A. SW-PMLSM PARALLEL POWER SUPPLY OPEN-LOOP V/F CONTROL
The traditional open-loop V/f control is the most easy to implement control method in the industrial field, and the most control method to test the basic properties of the controlled object. The pole distance of the simulation prototype is set to 22.5mm, the control mode is V/f open loop control, the segmented stator power supply mode is segmented parallel power supply, the phase voltage of the three-phase power supply is set to 380v, and the power supply frequency is 33hz. The linear speed of the motor is v = 2τ f .Since the set power frequency is low, the linear line speed is small and it can be started directly. At time t=0, the load weight is set to 500 kg. The dynamic characteristics corresponding to the valid segment of the stator are shown in the figure below. It can be seen from the above diagram that the stator threephase current and the stator acting thrust of the segment of the segmented motor exhibit periodic changes, as shown by the change of position, the current of the n-segment stator with the inductance and flux linkage parameters. Increase and decrease (the supply voltage does not change), the electromagnetic thrust of the n-segment gradually increases due to the increase of the effective section of the coupling with the secondary, and the n-2 segment stator is opposite to the n-segment stator, n-1 segment the electromagnetic thrust generated by the stator remains substantially unchanged. The resultant thrust gradually stabilizes as the speed pulsation slows down, and the system has a larger pulsation when switching between each segment (It should be noted that in the actual operation, the definition switching of the effective segment is a smooth transition process, and the stepping link is inevitably introduced when establishing the simulation model, so the simulation model reference only needs to observe the smooth interval feature).
B. SEGMENTED POWER SUPPLY VECTOR CURRENT CONTROL STRATEGY FOR SW-PMLSM
During the operation of SW-PMLSM, in order to achieve stable operation of the thrust, the following two conditions must be met:
1. ψ f n (x) + ψ f n−2 (x) = ψ f n−1 (x), the length of the mover is an integer multiple of the length of the single-segment stator (SW-PMLSM for the segmented core without segmentation).
2. i q n = i q n−1 = i q n−2 , that is, the equivalent primary axis currents of the effective primary segments remain equal.
Meet 1, 2, in the entire operation of the segmented motor, always meet F e total = 2 · F e n−1 = F e n + F e n−2 , the thrust and speed remain stable.
The direct thrust control of the conventional PMLSM is based on the adjustment of the thrust angle to maintain the thrust. The above analysis can be used to define the SW-PMLSM. On the basis of conditions above, the vector control strategy with current loop is a SW-PMLSM thrust stability control strategy.
The conventional current hysteresis vector control strategy is selected, and the SW-PMLSM is simulated by the inverter unit power supply. The specific control strategy is shown in the following figure: At t=0, the load is set to 500KG. At t=0.5s, the load is suddenly increased to 1000KG. The dynamic simulation characteristics of the corresponding system-related parameters are as follows:
It can be seen from the above simulation results that the use of the segmented supply current hysteresis vector control strategy can effectively reduce the thrust fluctuations, enable the segmented motor to run more smoothly, and can quickly recover the previous motion state when the load is abrupt, and the system is very robust.
IV. RESEARCH ON SW-PMLSM HIGH EFFICIENCY V/F CONTROL
Although the segmented supply current hysteresis vector control method can achieve good control effects, the separate controllers in each segment undoubtedly increase the cost of the system. In normal system power supply, segmented power supply also increases the difficulty of control. In this case, it is necessary to study the stable operation control of SW-PMLSM in parallel power supply. In the design of the long-stroke SW-PMLSM, we usually use a single-supply effective section to supply power in parallel in order to save costs. 
A. OVERALL MODELING OF SW-PMLSM PARALLEL POWER SUPPLY
From the perspective of segmentation, the overall model of the motor is actually the set of functions of each segment of the motor. The mathematical model of each valid segment of SW-PMLSM in the rotating coordinate system can be expressed as:
In fact, the value of the leakage inductance is much larger than the value of the equivalent magnetizing inductance. Therefore, the approximate dq axis voltage formula for parallel power supply is:
If the number of coupling segments is greater than one segment, assume that the number of coupling segments is m VOLUME 7, 2019 segments: 
C. V/F STABLE RING DESIGN ANALYSIS
The motor's stabilizing ring is designed to design a damping ring similar to reduce motor speed fluctuations to improve its operating characteristics. The figure below shows the voltage and current vector diagram of the motor running. Where ω u is the rotational speed of a given voltage command, θ u is the angle between the voltage vector and the α axis, and the stability condition between the given voltage vector and the rotor is:
When an external disturbance occurs during operation, the mover will have a fluctuation of ω r speed. In order to stabilize the system after the speed fluctuation, the given voltage vector will be adjusted during the transient process to avoid out-of-step.
Since the V/f control is a sensorless control, it is impossible to directly observe the fluctuation of the rotational speed of the electrode, and it can only be estimated by other means. The small-signal analysis method is used to analyze the dynamic equation of SW-PMLSM (for the sake of understanding, the rotation quantity is still used for analysis), and the mechanical motion small-signal model can be obtained as follows:
It can be seen from the figure that the key to the stable design of the V/f control is that after the rotor side speed fluctuation is generated, the input vector voltage is compensated in time to avoid the loss of control.
The general electromagnetic torque equation for synchronous motors is:
where: U δ is the amplitude of the input voltage command, E is the induced voltage of the rotor magnetic motive force on the stator winding, and δ is the torque angle. It can be deduced from equations (19) and (20) that the stability adjustment of V/f is to adjust T e by introducing two adjustment amounts δ and U δ , so that ω r tends to zero, thereby achieving system stability adjustment.
In the transient analysis, the power loss and the energy storage rate can be regarded as constant quantities. The average rotor power during transient disturbance can be expressed by the following equation:
where: ω 0 is the steady state speed different from the transient state, and T l0 is the steady state load torque. That is, the fluctuation amount of the input power P e can characterize the rotational speed fluctuation ω r of the rotor under the disturbance. P e is a high frequency component obtained after the active power is filtered by a high pass filter (HPF). The speed fluctuation can be estimated by:
The selection of the time constant T and the proportionality factor K p is experimentally determined. For SW-PMLSM, the sum of the powers of the effective segments is equal to the combined power of each valid segment, satisfying the superposition theorem (discussed by other articles).
D. V/F EFFICIENCY LOOP DESIGN ANALYSIS
The synchronous motor can achieve high-efficiency operation state through different control methods. In this paper, the maximum torque per ampere (MTPA) is selected as the operation target. Implementing MTPA in current vector control is achieved by adjusting the angle between the current vector and the rotating coordinate axis. In V/f control, the rotor position is uncertain and cannot be directly controlled by this angle. Therefore, we construct an observation variable with MTPA control target, and achieve the purpose of MTPA control by adjusting the system parameters to achieve this observation target.
In order to obtain a larger power factor and higher efficiency using a minimum of permanent magnets, a permanent magnet synchronous motor is generally designed with a power factor hysteresis state of excessive demagnetization. As shown below: After the permanent magnet motor is manufactured, the excitation cannot be adjusted, and the reactive power and power factor can be adjusted by adjusting the supply voltage. Assume that the perpendicular magnetic reluctance is equal, the stator voltage is ignored, and the load torque is constant (the output power is constant):
When adjustingU , the end point ofU always falls on the perpendicular line AB parallel toĖ (U sin θ = C 1 ), and the end point ofİ falls on the curve CD (İ cos ϕ = C 2 U ). When the applied voltage changes, the current changes from the leading edge to the lag, and the power factor changes. The specific changes are shown in the figure14 below. For the MTPA control of the surface permanent magnet synchronous motor, it is actually i d = 0 control. The efficiency loop control of the permanent magnet synchronous motor actually achieves the purpose of controlling the power factor angle by adjusting the applied voltage amplitude, so that the power angle is equal to the power factor angle.
The power factor angle is calculated as:
Instantaneous active power is
Instantaneous reactive power is
Available after finishing Figure. 15 shows the vector phase diagram for the steady state and transient conditions of the motor. In the figure, a is steady state (i d = 0), at which time the best efficiency control is achieved, b, c is the motor vector in the transient state (in this case, i d = 0). By controlling the amplitude of the input voltage, the purpose of controlling the vector current is achieved (Fig. 14) , and finally the MTPA control is realized. 
E. CLOSED LOOP PI PARAMETERS TUNING
The ultimate goal of both V/f closed loops is to stabilize the system, give the system a design similar to the damping link. As can be seen from the above, the adjustment of the two closed loops is actually the adjustment process for T e .The equivalent small-signal closed-loop adjustment block diagram is shown in Figure 16 and Figure 17 .
(33) VOLUME 7, 2019 Two closed-loop systems meet stable conditions by designing two PI controller parameters. Since the amount of calculation is too large, a method such as simplified omission is usually used to obtain a range of estimates, and finally the specific parameter values are determined by performing experiments. 
F. V/F CONTROL SIMULATION ANALYSIS
In order to verify the feasibility of the closed-loop highefficiency V/f control strategy on SW-PMLSM, a simulation study was carried out on matlab. The simulation uses the V/f control closed-loop high-efficiency control strategy to compare with the traditional open-loop control. The simulation results are shown in the figures below.
As can be seen from figures 18 and 19, the high efficiency V/f has better control performance than the conventional V/f control. It can be concluded from Figure 20 that the high efficiency V/f control has a wider frequency steady state input characteristic. Similarly, Figure 21 demonstrates that the high-efficiency V/f control has strong disturbance recovery capability and is robust.
V. PHYSICAL TEST AND ANALYSIS
In order to further verify the feasibility of the algorithm, an experimental study was carried out in the SW-PMLSM industrial lift prototype system of Henan Polytechnic University. The experimental platform is shown in Figures 22 and 23 . Figure 24 shows the current and velocity dynamics of the SW-PMLSM lifting system at full stroke. In the initial stage, the combination of soft start and inverter makes the running speed of the motor increase steadily. After reaching the ideal speed, it runs stably. In the deceleration phase, the reverse connection of the winding and the brake work together to make the motor speed drop evenly. Figure 25 , 26 show the speed and electromagnetic thrust dynamics of the SW-PMLSM lifting system in the stable operation phase. It can be seen from the figure that the speed and thrust of the system have better dynamic characteristics during the steady lifting process (The electromagnetic thrust is estimated by the formula F e = P e v ).
VI. CONCLUSION
In this paper, the SW-PMLSM rotor side model is established by analyzing the electromagnetic parameters of the motor in each effective segment during the running process of SW-PMLSM. The rotor side model is more helpful in analyzing the trend of electromagnetic force and motion speed. At the same time, through the formula analysis and discussion, it is considered that the segmentation power supply segment vector control can obtain the best control effect. However, due to the limitation of control cost, most industrial-grade controls use a single-supply parallel power supply. Due to the long-stroke motor installation, low-cost V/f control is an optional sensorless sensor control. Finally, an efficient V/f control method is proposed, which not only improves the high-frequency steady-state control problem that traditional V/f control does not have, but also achieves efficiency control, effective control and robustness. 
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